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We have identified cDNA clones encoding a testis-specific poly(A) polymerase, termed TPAP, a candidate molecule
responsible for cytoplasmic polyadenylation of preexisting mRNAs in male haploid germ cells. The TPAP gene was most
abundantly expressed coincident with the additional elongation of mRNA poly(A) tails in round spermatids. The amino acid
sequence of TPAP contained 642 residues, and shared a high degree of identity (86%) with that of a nuclear poly(A)
polymerase, PAP II. Despite the sequence conservation of functional elements, including three catalytic Asp residues, an
ATP-binding site, and an RNA-binding domain, TPAP lacked an approximately 100-residue C-terminal sequence carrying
one of two bipartite-type nuclear localization signals, and part of a Ser/Thr-rich domain found in PAP II. Recombinant TPAP
produced by an in vitro transcription/translation system was capable of incorporating the AMP moiety from ATP into an
ligo(A)12 RNA primer in the presence of MnCl2. Moreover, an affinity-purified antibody against the 12-residue C-terminal
equence of TPAP recognized a 70-kDa protein in the cytoplasm of spermatogenic cells. These results suggest that TPAP
ay participate in the additional extension of mRNA poly(A) tails in the cytoplasm of male germ cells, and may play an
mportant role in spermiogenesis, probably through the stabilization of mRNAs. © 2000 Academic Press
Key Words: mouse; testis; spermatogenic cell; round spermatid; gene regulation; mRNA; poly(A) tail; polyadenylation;
poly(A) polymerase.R
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qINTRODUCTION
Polyadenylation of nearly all mRNA precursors occurs in
the nucleus of eukaryotic cells, and the polyadenylated
mRNAs are then transported into the cytoplasm. In mam-
malian cells, formation of an mRNA poly(A) tail in the
nucleus is accomplished by two steps: endonucleolytic
cleavage of the primary transcript and subsequent addition
of a poly(A) tail at the 39-end. These two steps are catalyzed
by a large complex of multisubunit proteins, including
cleavage and polyadenylation specificity factor (CPSF),
cleavage stimulation factor (CstF), cleavage factors I and II
(CFs I and II), poly(A)-binding protein II (PAB II), and poly(A)
polymerase (PAP) (Colgan and Manley, 1997; Wahle and
1 To whom correspondence should be addressed. Fax: 181-298-
s53-6632. E-mail: acroman@sakura.cc.tsukuba.ac.jp.
106u¨egsegger, 1999). The processing of the mRNA precursors
t the 39-end is one of the most important aspects of the
ost-transcriptional regulation of genes, since the poly(A)
ail is implicated essentially in all aspects of mRNA me-
abolism, including the transport of mRNAs into the cyto-
lasm, mRNA stability, and translational control of
RNAs (Sachs et al., 1997; Wickens et al., 1997).
PAP is the sole enzyme capable of polymerizing adenyl-
te residues to the 39-ends of mRNAs. In vertebrates,
ultiple forms of PAP mRNA are synthesized from a single
ene by alternative splicing (Raabe et al., 1991; Wahle et al.,
991; Thuresson et al., 1994; Ballantyne et al., 1995; Ge-
auer and Richter, 1995; Zhao and Manley, 1996, 1998).
he longest mRNA forms encode PAPs I and II, which are
istinguished from each other by their C-terminal se-
uences (Raabe et al., 1991), whereas competition between
plicing and polyadenylation of the mRNA precursor pro-
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107Testis-Specific Poly(A) Polymeraseduces short forms of mRNA encoding PAPs III, V, and VI
(Zhao and Manley, 1996). Of these five PAPs, PAP II is the
predominant form in most cells, and contains three func-
tional domains: a catalytic domain similar to those of the
family X polymerases followed by an RNA-binding domain,
and a domain rich in Ser and Thr at the C-terminus (Martin
and Keller, 1996; Martin et al., 1999). PAPs I and II also
ossess two bipartite-type nuclear localization signals,
LS1 and NLS2, both of which are required for the trans-
ort of these PAPs exclusively into the nucleus (Raabe et
l., 1994). The RNA-binding domain overlaps NLS1, while
LS2 is located approximately 150 amino acids C-terminal
o NLS1. The regulatory Ser/Thr-rich domain carries sev-
ral consensus and nonconsensus cyclin-dependent kinase
cdk) sites, and also overlaps these two NLSs (Colgan et al.,
996, 1998). On the other hand, three truncated forms of
RNA encoding PAPs III, V, and VI, which terminate in the
iddle of the protein-coding region of PAPs I and II, lack
he RNA-binding domain, NLSs 1 and 2, and Ser/Thr-rich
omain. Although the mRNAs for PAPs III, V, and VI are
ndeed detectable in cells, the proteins translated are below
he limit of detection, and the recombinant proteins have
o polyadenylation activity (Thuresson et al., 1994; Zhao
nd Manley, 1996). Thus, the functions of these three PAPs
re unknown at present.
Spermatogenesis is a highly specialized process of differ-
ntiation of male germ cells; diploid cells proliferate and
ivide meiotically to form haploid cells, which, in turn,
evelop into spermatozoa. A large number of proteins in the
ifferentiating haploid cells undergo post-transcriptional
nd translational regulation of mRNAs (Hecht, 1986, 1998;
leene, 1996), since germ cells cease RNA synthesis during
id-spermiogenesis (Monesi, 1965; Kierszenbaum and
res, 1975). It is well known that mRNAs encoding prota-
ines and transition proteins are stored as translationally
nactive ribonucleoprotein particles in early haploid cells.
ranslational activation of these mRNAs at a specific time
equired during later spermiogenesis accompanies poly(A)
hortening (Kleene et al., 1984; Kleene, 1989). In oogenesis
nd early embryogenesis, translation of maternal mRNAs is
ontrolled by the length of the poly(A) tail; certain mRNAs
re converted into translationally active forms by cytoplas-
ic polyadenylation, whereas the shortening of the poly(A)
ails leads to the inactivation of the mRNAs (Richter, 1999).
hus, the control of poly(A) tail length is considered to be
ne of the mechanisms for the post-transcriptional regula-
ion of genes.
In this study, we have demonstrated that the additional
longation of poly(A) tails of some mRNAs occurs in
ostmeiotic germ cells of the mouse testis. This unique
rocessing of the poly(A) tails is possibly catalyzed by a
estis-specific poly(A) polymerase, termed TPAP. Mouse
PAP is characterized as an enzymatically active protein
ocalized in the cytoplasm of male germ cells. These find-
ngs imply that the post-transcriptional regulation of genes
y cytoplasmic polyadenylation also occurs in postmeiotic
erm cells.
Copyright © 2000 by Academic Press. All rightMATERIALS AND METHODS
Isolation of cDNA Clones Encoding TPAP
A DNA fragment encoding PAP was amplified by reverse
transcriptase–polymerase chain reaction (RT-PCR) using total cel-
lular RNA from ddY mouse testis as a template, as described
previously (Ohmura et al., 1999). Oligonucleotide primers, PPP1
(59-AGACGATGCCGTTTCCAGTT-39) at positions 84–103 and
PPP2 (59-CGTAGGTCCAAATCTTCTGG-39, complementary) at
positions 623–642 in the cDNA sequence of mouse PAP III
(GenBank/EMBL Accession No.: U52197), were used to amplify the
region common to all isoforms of PAP mRNA. The PCR product
was purified by polyacrylamide gel electrophoresis (PAGE), labeled
with [a-32P]dCTP (3000 Ci/mmol, Amersham Pharmacia Biotech)
y the random-priming procedure using a BcaBest DNA labeling
it (Takara Shuzo), and used as a probe to screen a ddY mouse testis
DNA library in lgt11 (Kashiwabara et al., 1990a). Positive clones
were plaque-purified, and the cDNA inserts were subcloned into
pUC19 for further characterization. Nucleotide sequencing was
carried out using an ABI Prism 310 genetic analyzer.
Northern Blot Analysis
Total RNAs were glyoxylated, electrophoresed on 1.2% agarose
gels, and transferred onto Hybond-N1 nylon membranes (Amer-
sham Pharmacia Biotech). The blots were probed by 32P-labeled
NA fragments, as described previously (Kashiwabara et al.,
990a). After washing, the blots were exposed to X-ray films or
nalyzed by a BAS2000 Bio-Image Analyzer (Fuji Photo Film).
RNase H Digestion
RNase H digestion of total RNA, which had been annealed with
oligo(dT)15, was carried out to remove poly(A) tails of mRNAs
(Kleene et al., 1984). Briefly, total RNAs (10 mg) from purified
populations of spermatogenic cells were incubated with oligo(dT)15
(2 mg, Roche Diagnostics) in 40 ml of water for 5 min at 65°C, mixed
with 10 ml of 5 3 RNase H buffer (1 3 buffer 5 40 mM Tris/HCl,
pH 7.8, 4 mM MgCl2, 100 mM KCl, 1 mM dithiothreitol, and 4%
lycerol), put on ice for 15 min, and then incubated with RNase H
16 units, Takara Shuzo) at 37°C for 1 h. After digestion, the
ixture was extracted with phenol/chloroform and precipitated
ith ethanol. A portion (2.5 mg) of the RNase H-digested RNA
samples was subjected to Northern blot analysis, as described
above.
Antibodies
A 13-residue oligopeptide (PAPP1, Cys-Thr-Ala-Thr-Asn-Ile-Pro-
Asn-Pro-Ile-Leu-Gly-Val) containing the 12-residue C-terminal se-
quence of mouse TPAP was synthesized and coupled to maleimide-
activated keyhole limpet hemocyanin (KLH) or bovine serum
albumin (BSA), as recommended by the manufacturer (Pierce). The
PAPP1/KLH conjugate was emulsified with Freund’s complete
adjuvant (Difco Laboratories) and injected intradermally into fe-
male New Zealand white rabbits (Japan SLC). The antibodies were
purified by fractionation with 0–40% ammonium sulfate followed
by affinity chromatography on a column of Sepharose 4B coupled
with the PAPP1/BSA conjugate. Monoclonal antibody MN7
against an intraacrosomal 90-kDa protein (Tanii et al., 1994) was
kindly provided by Dr. K. Toshimori.
s of reproduction in any form reserved.
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108 Kashiwabara et al.Preparation of Cytoplasmic and Nuclear Extracts
All procedures were carried out at 0 to 4°C, unless otherwise
stated. Mouse tissues (0.5 g each) were homogenized in 5 ml of
buffer A containing 10 mM Hepes/KOH, pH 7.4, 15 mM KCl, 1 mM
EDTA, 0.25 M sucrose, 0.5 mM dithiothreitol, 0.5 mM phenyl-
methanesulfonyl fluoride, pepstatin A (1 mg/ml), leupeptin (1
mg/ml), and 10 mM benzamidine with a Teflon–glass homogenizer
at 750 rpm (5 strokes/min). The homogenate was separated into the
supernatant and precipitate fractions by centrifugation at 2500g for
0 min. The supernatant fraction was further centrifuged at
5,000g for 20 min, and the resulting supernatant was used as
cytoplasmic extract.” The precipitate fraction obtained by first
entrifugation was suspended in buffer A (5 ml), overlaid onto
uffer A (7 ml) containing 0.5 M sucrose, and centrifuged at 2500g
or 10 min. This treatment was repeated three times, and the
emaining pellet was resuspended in buffer A (1 ml) containing 0.5
NaCl, shaken vigorously for 15 min, and then centrifuged at
5,000g for 10 min. The supernatant solution was used as “nuclear
xtract.” Protein concentration was determined by the method of
radford (1976).
Production of Recombinant Proteins
Recombinant proteins were synthesized by an in vitro
transcription/translation system using a Single Tube Protein Sys-
tem 3 kit (Novagen). PCR-directed mutagenesis was carried out to
produce an NcoI site at the translation start site in the cDNA
sequence of TPAP. The NcoI/EcoRI fragment encoding the entire
open reading frame was introduced into pCITE-2a(1) vector (No-
vagen), digested with EcoRI, and used as a template for in vitro
transcription (0.5 mg/10 ml reaction). In vitro translation was then
arried out in the presence of unlabeled or 35S-labeled Met (1175
Ci/mmol, DuPont–New England Nuclear) in a final volume of 50
ml at 30°C for 60 min. Proteins produced were subjected to
SDS–PAGE followed by Western blot analysis or autoradiography.
Measurement of Enzyme Activity
Poly(A) polymerase activity was determined by measuring incor-
poration of AMP from [a-32P]ATP (400 Ci/mmol, Amersham Phar-
macia Biotech) into an oligo(A)12 RNA primer in the presence of
MnCl2, as described previously (Zhao and Manley, 1996). The
reaction mixture (25 ml) contained 50 mM Tris/HCl, pH 8.3, 7%
glycerol, 0.3% polyvinyl alcohol, 0.05% acetylated BSA, 40 mM
KCl, 0.5 mM MnCl2, 25 mM (NH4)2SO4, 0.25 mM dithiothreitol,
20 units RNasin (Promega), 0.1 mM [a-32P]ATP (600 cpm/pmol), 1
mg oligo(A)12, and an aliquot (2 ml) of in vitro translation product
escribed above. After incubation at 30°C, a portion (5 ml) of the
reaction mixture was spotted onto Whatman DE-81 paper, dried,
and washed five times with 0.1 M sodium phosphate buffer, pH 7.0,
and once with ethanol. Incorporation of 32P-labeled AMP was then
easured by liquid scintillation counting. When 59 end-labeled
ligo(A)12 (1 ng) was used as a primer, the reaction was carried out
under the same conditions, except that unlabeled ATP was substi-
tuted for [a-32P]ATP as the substrate. The reaction products were
extracted with phenol/chloroform, and precipitated with ethanol,
using 10 mg yeast tRNA as a carrier.
SDS–PAGE and Western Blot Analysis
Proteins were separated by SDS–PAGE and transferred ontoImmobilon-P polyvinylidene difluoride membranes (Millipore). Af- s
Copyright © 2000 by Academic Press. All rightter blocking with 1% skim milk, the blots were probed by affinity-
purified antibody against TPAP, and then incubated with goat
anti-rabbit IgG horseradish peroxidase conjugate (Jackson Immu-
noResearch Laboratories). The immunoreactive proteins were vi-
sualized by an ECL Western blotting detection kit (Amersham
Pharmacia Biotech).
Immunocytochemistry
Spermatogenic cell suspensions were prepared by enzymatic
dissociation of decapsulated mouse testes with collagenase and
trypsin, as described previously (Kashiwabara et al., 1990b). The
ell suspension was spotted onto glass slides, treated with
hosphate-buffered saline (PBS) containing 4% paraformaldehyde
or 30 min, and washed three times with PBS. After fixation, the
lides were blocked with 2% normal goat serum in PBS for 30 min,
ncubated with the affinity-purified primary antibody, washed
hree times with the blocking solution, and treated with fluores-
ein isothiocyanate-conjugated goat anti-rabbit IgG (Jackson Im-
unoResearch Laboratories). After washing with PBS, the slides
ere treated with 100 mg/ml RNase A in PBS at room temperature
for 10 min and washed with PBS. The cell samples were counter-
stained with propidium iodide (PI), mounted, and observed under a
Leica DMRXA confocal laser scanning microscope.
RESULTS
The Sizes of mRNAs in Haploid Round Spermatids
Are Increased by Additional Elongation of mRNA
Poly(A) Tails
We have previously demonstrated that the mouse acrosin
gene is already transcribed in pachytene spermatocytes, and
the transcript is most abundantly present in haploid round
spermatids (Kashiwabara et al., 1990b). When two mouse
genes encoding acrosomal proteins, proacrosin-binding pro-
tein sp32 (Baba et al., 1994), and zona pellucida-binding
protein sp38 (Mori et al., 1995) were examined by Northern
blot analysis, the expression patterns were similar to that of
the acrosin gene (Fig. 1A). These data confirm that expres-
sion of the acrosomal protein genes starts during meiosis,
prior to acrosome formation. Noteworthy was that the sizes
of these mRNAs in round spermatids were approximately
200 nucleotides longer than those in pachytene spermato-
cytes and elongating spermatids/residual bodies. The same
result was observed for actin mRNAs (Fig. 1A); the size of
mRNA coding for somatic actin was 2.2 and 2.1 kb (1.5 and 1.4
kb for spermatid-specific actin) (Kim et al., 1989; Gu et al.,
1996) in round spermatids and in pachytene spermatocytes or
elongating spermatids/residual bodies, respectively.
The increased sizes of mRNAs in round spermatids could
be due to the length of poly(A) tail, the differential usage of
the transcription start sites, and/or polyadenylation sites at
the 59- and 39-ends of genes, respectively, or the alternative
splicing of the mRNA precursors. To examine these possi-
bilities, total cellular RNAs, which had been annealed with
oligo(dT)15, were digested with RNase H and analyzed by
orthern blotting (Fig. 1B). After RNase H digestion, the
izes of mRNAs in round spermatids were all diminished,
s of reproduction in any form reserved.
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109Testis-Specific Poly(A) Polymeraseand changed from 1.8 to 1.4 kb in acrosin, 2.4 to 2.0 kb and
1.7 to 1.4 kb in sp32 (two forms), 1.7 to 1.4 kb in sp38, 2.2
to 2.0 and 1.3 kb in somatic actin, and 1.5 to 1.3 kb in
spermatid-specific actin. Moreover, the sizes of the RNase
H-treated mRNAs in all samples were identical between
round spermatids and pachytene spermatocytes or elongat-
ing spermatids/residual bodies. These results clearly dem-
onstrate that mRNA poly(A) tails undergo additional
lengthening in haploid round spermatids.
The Gene Encoding a Novel Isoform of Poly(A)
Polymerase, TPAP, Is Specifically Expressed
in the Testis
Although polyadenylation of mRNA is catalyzed by a
FIG. 1. Northern blot analysis of total RNAs from purified
populations of spermatogenic cells. (A) Gene expression of mouse
acrosin, sp32, sp38, and actin in spermatogenic cells. Total cellular
RNAs of pachytene spermatocytes from 17-day-old mouse testes
(P17), and of pachytene spermatocytes (P60), round spermatids (R),
and a mixture of elongating spermatids and residual bodies (E) from
60-day-old mouse testes were separated on agarose gels, transferred
onto nylon membranes, and probed by 32P-labeled cDNA fragment
encoding mouse acrosin, sp32, sp38, or b-actin. (B) Removal of
RNA poly(A) tails by RNase H treatment. Total RNAs of
achytene spermatocytes (P60), round spermatids (R), and elongat-
ng spermatids/residual bodies (E) from 60-day-old mouse testes
ere annealed with oligo(dT)15, treated with RNase H, and then
ubjected to Northern blot analysis, as described. kb, kilobase.large protein complex, PAP is the only enzyme capable of
Copyright © 2000 by Academic Press. All rightynthesizing the poly(A) tail. To assess what kind of PAP
atalyzes additional extension of mRNA poly(A) tails in
ound spermatids, a 559-bp DNA fragment encoding a part
f the catalytic domain common among all isoforms of PAP
as amplified by RT-PCR, and used as a probe for Northern
lot analysis (Fig. 2A). Two isoforms of PAP mRNA with
he sizes of 4.6 and 1.4 kb, which probably coded for PAP I
r II and PAP V or VI, respectively, were detected in six
issues tested, including the testis. Besides these two mR-
As, a 2.8-kb mRNA was found specifically in the testis.
he 2.8-kb mRNA was first detectable in the testis at the
0th postnatal day, and was most abundantly present in
ound spermatids. We hypothesized that the 2.8-kb mRNA
ikely encodes a novel form of PAP, termed TPAP, respon-
ible for additional extension of mRNA poly(A) tails in
ound spermatids.
FIG. 2. Northern blot analysis of total RNAs from various tissues
and spermatogenic cells using cDNA fragments for common and
specific regions between mouse PAPs and TPAP as probes. Total
cellular RNAs of various tissues (T, testis; B, brain; Lu, lung; Li,
liver; K, kidney; O, ovary) from adult mice, testicular tissues from
12- to 60-day-old mice, and purified populations of pachytene
spermatocytes (P60), round spermatids (R), and a mixture of elon-
gating spermatids and residual bodies (E) from 60-day-old mice
were separated on agarose gels and transferred onto nylon mem-
branes. The blots were then probed by an RT-PCR-amplified,
32P-labeled cDNA fragment encoding a part of the catalytic domain
common among all isoforms of PAP (A), or by a 32P-labeled
infI/EcoRI fragment at the 39-end of the cDNA sequence that was
pecific for TPAP (B). The blots were also probed by a 32P-labeled
283-bp genomic fragment located 322 nucleotides downstream
from the 39-end of the TPAP cDNA sequence (C). Note that the
283-bp DNA fragment of the TPAP gene scarcely possesses the
sequence similarity with the corresponding region of the PAP gene.
kb, kilobase.
s of reproduction in any form reserved.
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the above 559-bp DNA fragment yielded 34 positive clones
from approximately 1 3 105 plaques. Restriction mapping
and nucleotide sequencing revealed that two cDNA clones,
mPAP26 and mPAP34, coded for a mouse homologue of
bovine PAP II and a truncated isoform similar to PAP II,
respectively (details will be reported elsewhere). The re-
maining 32 clones all encoded a 642-residue protein with a
calculated molecular mass of 72,328 Da. The cDNA se-
quence shared an exceptionally high degree of identity
(99.7%) with the genomic DNA sequence reported as an
intron-less retropseudogene of mouse PAP (Zhao and Man-
ley, 1996). Only seven nucleotides were different between
the cDNA and genomic sequences: C, G, C, and A residues
at nucleotides 21, 72, 335 (336 or 337), and 2280 in the
cDNA sequence were missing in the genomic sequence,
respectively, whereas there was no G residue between
nucleotides 2284 and 2285 in the cDNA sequence. Also,
two T residues at nucleotides 839 and 1641 in the cDNA
sequence were both changed into A residues. The position
of the nucleotide deletion leading to a frameshift and
premature termination in the sequence of the PAP retrop-
seudogene (Zhao and Manley, 1996) corresponded to the C
residue at nucleotide 335 (336 or 337) in the cDNA se-
quence. It should be noted that the cDNA sequence com-
pletely matches with the sequence of the genomic clones
isolated by us from a 129SvJ mouse genomic library in lFIX
II (data not shown).
To verify whether the 2.8-kb testis-specific mRNA (Fig.
2A) encodes TPAP, Northern blot analysis was carried out
using a specific HinfI/EcoRI cDNA fragment of TPAP at the
39-end as a probe (Fig. 2B). A major 2.8-kb transcript was
clearly observed exclusively in the testis. The expression
patterns of the 2.8-kb mRNA during testicular development
and in spermatogenic cells were entirely consistent with
those shown in Fig. 2A. Therefore, we conclude that the
2.8-kb mRNA codes for TPAP. However, a minor but
significant signal for mRNA with a size of 4.6 kb was also
detectable in the testis and spermatogenic cells (Fig. 2B).
RT-PCR analysis of total testicular RNA was carried out
with oligonucleotide primers designed on the basis of the
genomic sequence of TPAP. As a result, a 686-bp DNA
fragment containing a region 604 nucleotides downstream
from the 39-end of the TPAP cDNA sequence was amplified
(data not shown). Moreover, the 283-bp fragment of the
RT-PCR-amplified DNA at the 39-end, which barely pos-
sessed sequence similarity with the corresponding region of
the PAP gene, solely hybridized to the 4.6-kb mRNA in the
testis and spermatogenic cells (Fig. 2C). In PAPs I and II,
both mRNAs with the same sizes (4.6 kb) are found
throughout testicular development (data not shown). Thus,
these data imply that the 4.6-kb mRNA signal detected in
the testicular tissues after the 20th postnatal day (Fig. 2A) is
a mixture of the mRNA for PAP I or II (or both), and the
alternative form of TPAP mRNA possessing a longer 39-
untranslated region. d
Copyright © 2000 by Academic Press. All rightThe TPAP Sequence Contains Several Elements
Required for Polyadenylation Activity, but Lacks
Nuclear Localization Signals
The amino acid sequence of TPAP was 86% identical to
that of PAP II, and conserved several sequence elements
(Martin and Keller, 1996; Martin et al., 1999) required for
polyadenylation activity (Fig. 3A); three Asp residues,
which bind two divalent cations involved in the enzymatic
catalysis, were tentatively identified at residues 114, 116,
and 168 in the TPAP sequence. A helical turn motif
responsible for binding of the triphosphate moiety in ATP
was assigned to Gly-Ser-Tyr-Arg-Leu-Gly-Val-His-Thr-Lys-
Gly-Ala-Asp-Ile-Asp at residues 102–116. Also, an RNA-
binding domain overlapping with NLS1 and three of six
putative nonconsensus cdk phosphorylation sites, Ser/Thr-
Pro-Xaa-Xaa, were highly conserved at residues 489–509,
and at residues 538–541, 557–560, and 604–607, respec-
tively. The most striking feature was that TPAP lacked an
approximately 100-residue C-terminal sequence corre-
sponding to a part of the Ser/Thr-rich domain containing
NLS2 of PAP II. Moreover, two of four basic amino acids,
Lys-Arg-Lys-Lys, in NLS1B of PAP II were replaced by Glu
and Thr in the corresponding sequence of TPAP, suggesting
that NLS1 of TPAP is unlikely to be functional. The
primary structures of mouse TPAP and PAP II are schemati-
cally illustrated in Fig. 3B.
Recombinant TPAP Exhibits Polyadenylation
Activity
When a cDNA fragment encoding the entire region of open
reading frame in TPAP was expressed in an in vitro tran-
cription/translation system, a 35S-labeled recombinant
polypeptide was produced and migrated as a 70-kDa protein by
SDS–PAGE (Fig. 4). Western blot analysis indicated that the
recombinant protein immunoreacted with the affinity-
purified antibody against PAPP1 carrying the 12-residue se-
quence of TPAP at the C-terminus. The molecular size of the
recombinant TPAP is consistent with that calculated from the
amino acid sequence (72 kDa). It is important to note that the
affinity-purified antibody does not recognize recombinant
PAP II produced by the same system (data not shown).
To examine whether TPAP is an enzymatically active
protein, recombinant TPAP was assayed for nonspecific
poly(A) polymerase activity in the presence of MnCl2 (Fig.
). The assay conditions employed in this study have been
nown to increase the affinity of PAP toward RNA primers,
nd to permit efficient polyadenylation independent of the
olyadenylation signal, AAUAAA, and CPSF (Wahle, 1991).
ncorporation of AMP from [a-32P]ATP into an oligo(A)12
RNA primer increased as a function of incubation time (Fig.
5A), indicating that TPAP possesses poly(A) polymerase
activity. When a 59 end-labeled oligo(A)12 was used as a
primer, TPAP incorporated AMP residue from unlabeled
ATP into the 39-end of the oligo(A)12 primer in a distributive
anner, as analyzed by gel electrophoresis (Fig. 5B). These
ata suggest that a single AMP residue is probably added by
s of reproduction in any form reserved.
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111Testis-Specific Poly(A) PolymeraseTPAP to the whole population of primers at a time, as found
in calf thymus PAP II (Wahle, 1991).
TPAP Is Specifically Localized in the Cytoplasm
of Spermatogenic Cells
As shown in Fig. 6, proteins of cytoplasmic and nuclear
FIG. 3. Comparison of the amino acid sequences between mouse
I sequence. Amino acids are numbered from the initiator Met. As
ptimize the alignment, respectively. Three Asp residues involved i
otif responsible for binding of the triphosphate moiety of ATP an
y open and shaded boxes, respectively. Other functional elements
LSs 1 and 2, consisting of NLSs 1A, 1B, 2A, and 2B (broken lines),
ingle underlines, respectively) in the Ser/Thr-rich domain are als
ouse TPAP and PAP II. RBD, RNA-binding domain.extracts from mouse testis and liver were separated by g
Copyright © 2000 by Academic Press. All rightDS-PAGE and analyzed by Western blotting using affinity-
urified anti-TPAP antibody as a probe. An immunoreac-
ive protein with a size of 70 kDa was found only in the
ytoplasmic extracts of testis, although a negligibly faint
ignal for the 70-kDa protein was also detectable in the
uclear extracts. It is not clear at present whether a very
mall amount of TPAP is indeed localized in the nucleus of
P and PAP II. (A) Alignment of the TPAP sequence with the PAP
ks and dashes represent identical residues and gaps introduced to
ymatic catalysis are indicated by closed circles. Both a helical turn
RNA-binding domain overlapping with NLS1 in PAP II are shown
e PAP II sequence, two bipartite-type nuclear localization signals,
onsensus and nonconsensus cdk phosphorylation sites (double and
icated. (B) Schematic representation of the primary structures ofTPA
teris
n enz
d an
in th
and cerm cells. At any rate, these results verify that TPAP is a
s of reproduction in any form reserved.
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112 Kashiwabara et al.testis-specific protein, and emphasize the cytoplasmic lo-
calization of TPAP in male germ cells.
To ascertain the localization of TPAP in the cytoplasm of
germ cells, immunocytochemical analysis of mouse sper-
FIG. 4. Production of recombinant TPAP in vitro. Recombinant
TPAP was synthesized by an in vitro transcription/translation
system in the presence of 35S-labeled (A) or unlabeled Met (B), using
a pCITE-2a(1) plasmid with (lane 2) or without (lane 1) an NcoI/
EcoRI fragment encoding the entire open reading frame of TPAP as
a template. Proteins produced were subjected to SDS–PAGE fol-
lowed by autoradiography (A) or Western blot analysis (B) using
affinity-purified anti-TPAP antibody as a probe.
FIG. 5. Polyadenylation activity of TPAP. (A) Time course of
32P-labeled AMP incorporation into an oligo(A)12 primer. Recombi-
nant TPAP was synthesized by an in vitro transcription/translation
system using a pCITE-2a(1) plasmid with (open circle) or without
(closed circle) a TPAP cDNA fragment, as described in Fig. 4. The
polyadenylation activity of recombinant TPAP was monitored by
measuring the incorporation of AMP from [a-32P]ATP into an
oligo(A)12 RNA primer in the presence of MnCl2. (B) Distributive
extension of a 59-labeled oligo(A)12 primer by TPAP. Polyadenyla-
tion assay was carried out using unlabeled ATP and 59-labeled
oligo(A)12 primer. Reaction was stopped at 0, 5, 10, 20, 40, 60, 90,
20, 180, 270, and 360 min (lanes 1 to 11, respectively), and 18 h
lane 12) after incubation at 30°C. A portion of the products was
nalyzed by PAGE in the presence of 8 M urea. P, 59-labeledsligo(A)12 primer.
Copyright © 2000 by Academic Press. All rightatogenic cells was carried out (Fig. 7). As expected,
ffinity-purified anti-TPAP antibody gave the signals most
redominantly in the cytoplasm of pachytene spermato-
ytes and round spermatids. The localization of a 90-kDa
ntraacrosomal protein, which was recognized by monoclo-
al antibody MN7 (Tanii et al., 1994), as a control was
onfirmed in the developing acrosome. Thus, we conclude
hat TPAP is localized in the cytoplasm of spermatogenic
ells.
DISCUSSION
In this study, we have demonstrated that mRNAs encod-
ing mouse acrosin, sp32, sp38, and somatic actin increase in
size (;100–200 nucleotides) specifically in haploid round
spermatids, compared with those in pachytene spermato-
cytes and elongating spermatids/residual bodies (Fig. 1A).
This unique processing of mRNAs results from extension of
the poly(A) tails originally added in the nucleus (Fig. 1B). A
similar observation has been reported regarding the mRNAs
for lactate dehydrogenase-X (Fujimoto et al., 1988) and
rnithine decarboxylase (Alcivar et al., 1989) during sper-
atogenesis. Thus, additional elongation of the poly(A)
ails in early haploid cells appears to be a common phenom-
non in most mRNAs, including those coding for testis-
pecific and nonspecific proteins. As a candidate molecule
esponsible for the poly(A) tail elongation, we have identi-
ed cDNA clones encoding a testis-specific poly(A) poly-
erase, TPAP, that is localized in the cytoplasm of germ
ells (Figs. 3, 6, and 7). The cDNA sequence strongly
uggests that the TPAP gene is identical to a PAP retrop-
eudogene identified previously (Zhao and Manley, 1996),
FIG. 6. Western blot analysis of cytoplasmic and nuclear proteins
from testis and liver. Cytoplasmic (C) and nuclear (N) proteins (30
and 4 mg, respectively) from mouse tissues were separated by
DS–PAGE and subjected to Western blot analysis using affinity-
urified anti-TPAP antibody. A 70-kDa immunoreactive protein
as visualized only in the cytoplasmic extracts of testis by an ECL
estern blotting detection kit.ince these two genes share the exceptionally high degree of
s of reproduction in any form reserved.
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113Testis-Specific Poly(A) Polymerasesequence identity (99.7%). This possibility is supported by
the fact that the TPAP gene is a single copy gene on mouse
genome, as judged by Southern blot analysis of genomic
DNA (data not shown). Therefore, the TPAP mRNA is not
a splicing variant derived from the PAP gene, but the
transcribed product of the functional retroposon originated
from one of alternatively spliced forms of PAP mRNA
through reverse-transcription followed by integration onto
the genome (Weiner et al., 1986).
TPAP is localized in the cytoplasm of spermatogenic
cells, including pachytene spermatocytes (Fig. 7). This fact
implies that additional poly(A) extension of preexisting
mRNAs is possibly catalyzed by TPAP in the cytoplasm of
spermatogenic cells, although we have not yet directly
demonstrated the function of TPAP. Even so, the presence
of TPAP in pachytene spermatocytes is inconsistent with
the round spermatid-specific extension of mRNA poly(A)
tails (Fig. 1). The discrepancy may be explained by the
possibility that, despite the presence of TPAP in pachytene
spermatocytes, the increases in the sizes of the poly(A) tails
are still small. In fact, the expression level of the TPAP gene
FIG. 7. Localization of TPAP in the cytoplasm of mouse sperma
affinity-purified anti-TPAP antibody or monoclonal antibody M
antibodies. Cells were then counterstained with propidium iodide (
samples treated only with the secondary antibody were used as
cytoplasm of both pachytene spermatocytes (white arrowheads)
elongating spermatids.in pachytene spermatocytes is noticeably lower than that in p
Copyright © 2000 by Academic Press. All rightound spermatids (Fig. 2). Another possibility is that TPAP
ay remain inactive in pachytene spermatocytes due to the
resence (or absence) of other regulatory proteins, including
actors involved in cytoplasmic polyadenylation. To ascer-
ain these possibilities, the enzyme activity in the cyto-
lasm of both cell types should be measured.
Cytoplasmic polyadenylation has been considered to be
n evolutionarily conserved mechanism responsible for the
ranslational activation of a set of dormant maternal mR-
As during oogenesis and early embryogenesis (Richter,
999). However, enzymatically active PAP has not yet been
dentified conclusively in the cytoplasm of cells; PAPs I and
I are exclusively localized in the nucleus (Raabe et al.,
994), whereas enzymatically inactive PAPs III, V, and VI,
hich all lack two NLSs, are not detectable in cells (Zhao
nd Manley, 1996). Thus, to our knowledge, TPAP is the
rst PAP shown to be localized in the cytoplasm.
Two sets of cis-acting elements and protein factors have
een reported to be involved in the cytoplasmic polyade-
ylation: a typical polyadenylation signal, AAUAAA, and
PSF (Bilger et al., 1994), and an upstream cytoplasmic
ic cells. After fixation, spermatogenic cells were incubated with
followed by fluorescence isothiocyanate-conjugated secondary
ounted, and observed under a laser scanning microscope. The cell
gative control. Note that the signals for TPAP are found in the
ound spermatids (yellow arrowheads). Blue arrowheads indicatetogen
N7
PI), m
a ne
and rolyadenylation element (CPE: maturation-type CPE,
s of reproduction in any form reserved.
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114 Kashiwabara et al.UUUUUAU, or embryonic-type CPE, (U)12-27) and cytoplas-
mic polyadenylation element-binding protein CPEB (Fox et
al., 1989; McGrew et al., 1989; Simon et al., 1992; Hake and
Richter, 1994; Simon and Richter, 1994). In the present
study, the mRNAs for mouse sp32 and sp38 lack the typical
AAUAAA sequence. Moreover, there is no CPE sequence in
the 39-untranslated regions of mRNAs encoding mouse
acrosin, sp32, and sp38, although a homologue of Xenopus
CPEB has recently been reported to be present in the mouse
testis (Gebauer and Richter, 1996). Thus, the mechanism of
cytoplasmic polyadenylation during spermatogenesis may
be basically similar to but different from those during
oogenesis and early embryogenesis. It is also unlikely that
the additional extension of mRNA poly(A) tails in round
spermatids contributes to translational activation of mR-
NAs, since acrosin mRNA in pachytene spermatocytes as
well as in round spermatids is associated with polysomes
with similar efficiencies (Kashiwabara et al., 1990b), as
described for lactate dehydrogenase-X (Fujimoto et al.,
1988).
Since drastic morphological and biochemical changes
take place during spermiogenesis, haploid germ cells re-
quire a large number and mass of selective mRNAs (pro-
teins) to accomplish the process. These mRNAs must be
actively transcribed prior to mid-spermiogenesis, and must
have been accumulated in pachytene spermatocytes and
round spermatids, because transcription of genes ceases at
mid-spermiogenesis due to the onset of chromatin conden-
sation (Monesi, 1965; Kierszenbaum and Tres, 1975). In-
deed, genes involved in the basal transcriptional machinery
of RNA polymerase II, including those for TATA-binding
protein and transcription factor IIB, have been reported to
be highly expressed in round spermatids (Schmidt and
Schibler, 1995), probably leading to the augmentation of
mRNA synthesis (Kleene et al., 1983; Schmidt and Schibler,
1997). In addition, poly(A)-binding proteins (PABP1 and
PABPt) responsible for mRNA stability and translational
efficiency are abundantly present in haploid germ cells
(Kleene et al., 1994; Gu et al., 1995), and gene expression of
PAB II is up-regulated in the testis (Lee et al., 1998). Thus,
our data represented in this study suggest that TPAP may
be partly implicated in the post-transcriptional regulation
of genes by the cytoplasmic poly(A) extension of preexisting
mRNAs in haploid cells. The mRNAs carrying the longer
poly(A) tails at the 39-end are probably more stable, and
hence may be utilized more efficiently in round spermatids
than in premeiotic and meiotic spermatogenic cells. At any
rate, further experiments concerning TPAP will be neces-
sary to elucidate the mechanism and role of the cytoplas-
mic polyadenylation in haploid germ cells.
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